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Preface  
This r e p o r t  i s  w r i t t e n  i n  two p a r t s .  The f i r s t  p a r t  dea l s  w i th  
experimental  and a n a l y t i c a l  i n v e s t i g a t i o n  of flow through t h r e e  bladed 
a x i a l  flow inducers  and i t s  comparison wi th  t h e  fou r  bladed inducer  
* 
performance (References 1-3, P a r t  I). 
The s k i n  f r i c t i o n  and tu rbu len t  i n t e n s i t y  measurements taken 
i n s i d e  t h e  boundary l a y e r  of a r o t a t i n g  h e l i c a l  b l ade  i s  repor ted  i n  
A. J a b b a r i ' s  M. S .  Thesis  on t h i s  s u b j e c t  (Reference 1 i n  P a r t  11). 
The a n a l y t i c a l  and experimental  i n v e s t i g a t i o n  of t u rbu len t  boundary 
l a y e r  i n v e s t i g a t i o n  on a r o t a t i n g  b l ade  has  been concluded. 
TABLE OF CONTENTS 
P a r t  I. Performance of Three Bladed Inducer  
1.1 Backgrouad of t h e  P r e s e n t  I n v e s t i g a t i o n  . . . . . . . . . . . . .  1 
1.2 Performance of Three Bladed Inducer and Comparison w i t h  
t h e  Performance of S i m i l a r  Four Bladed Inducer . . . . . . . . . .  7 
1.2.1 In t roduc to ry  Remarks . . . . . . . . . . . . . . . . . .  7 
1.2.2 Design Performance . . . . . . . . . . . . . . . . . . . .  7 
1.2.3 T h e o r e t i c a l  Considerat ions . . . . . . . . . . . . . . .  8 
1.2.4 Resu l t s  of t h e  S t a t i o n a r y  Probe Measurements a t  
the Inducer  E x i t  . . . . . . . . . . . . . . . . . . . .  10  
1.2.5 Three Dimensional Instantaneous Ve loc i ty  
Measurements a t  t h e  Inducer Exit  . . . . . . . . . . . .  13 
1.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
1 .4  References . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 
P a r t  I1 . Addi t iona l  Measurements 
11.1 Measurement of Skin F r i c t i o n  C o e f f i c i e n t  . . . . . . . . . . . .  21 
Turbulence I n t e n s i t y  Measurements . . . . . . . . . . . . . . . .  24 11.2 
.. 
Nomenclature 
W Resultant relative velocity 
v Resultant absolute velocity 
r,e,z Radial, tangential and axial coordinates 
P Static pressure 
P 
U = S r  Local Blade Speed 
Stagnation pressure 
0 
B Blade angle measured from the tangential direction 
a Absplute airflow angle measured from the tangential direction 
2 H  Stagnation head rise coefficient ("-) 
JIT ut2 
6 Boundary layer thickness 
Static head coefficient 
JIS 
of the blade local radius tip radius R = r/rt = 
Subscripts 
r,O,Z Components along r, 8, 2 directions 
t Refers to the values at the tip 
P Pressure surface 
S Suction surface 
Superserip t 
- Averaged over the passage 
PART I 
Performance' of Three 
Bladed Inducer. 
1.1 Background of t h e  Present  I n v e s t i g a t i o n  
Since November 1963, t h e  Department of Aerospace Engineering a t  
The Pennsylvania S t a t e  Univers i ty  has conducted i n v e s t i g a t i o n  of flow 
i n  pump inducers  under NASA sponsorship.  
A pump inducer  i s  usua l ly  an a x i a l  flow pump-runner having an ex t ra -  
o r d i n a r i l y  h igh  " s o l i d i t y "  ( r a t i o  of b l ade  l eng th  t o  b l ade  spac ing)  and 
a very low "flow coe f f i c i en t " .  ( r a t i o  of a x i a l  v e l o c i t y  of t h e  f l u i d  t o  
t h e  p e r i p h e r a l  v e l o c i t y  of t h e  b l ade ) .  While t h i s  c h a r a c t e r i s t i c  form 
is  d i c t a t e d  by t h e  c a v i t a t i o n  requirements ,  which must be m e t  by such 
inducers ,  t h e  flow is  subjec ted  t o  major e f f e c t s  ..by t h e  v i s c o s i t y  and 
turbulence  of t h e  f l u i d  i n  t h e  long and narrow passages between t h e  vanes. 
The i n v e s t i g a t i o n s  conducted by t h i s  department have been concerned with 
t h e  e f f e c t s  of v i s c o s i t y  and turbulence and not  w i th  t h e  e f f e c t s  of 
c a v i t a t i o n .  
During t h e  c u r r e n t  per iod  of i n v e s t i g a t i o n ,  t h i s  department has  
designed, b u i l t  and t e s t e d  a t h r e e  f o o t  diameter model of fou r  bladed 
inducer  which w a s  operated i n  a i r .  The flow was observed by means of 
smoke, f l a g s  o r  s t reamers .  The f l u i d  p r o p e r t i e s  are determined a t  va r ious  
r a d i a l ,  c i r c u m f e r e n t i a l  and a x i a l  l o c a t i o n s  using both  s t a t i o n a r y  and 
r o t a t i n g  probes.  For the la t te r  purpose a p re s su re  t r a n s f e r  device  was 
designed, b u i l t  and t e s t e d  i n  t h e  l abora to ry .  Attempts a r e  p r e s e n t l y  
made t o  o b t a i n  t h e  c i r cumfe ren t i a l  v a r i a t i o n  of r a d i a l  v e l o c i t i e s  a t  t h e  
o u t l e t  using an  x-configurat ion v a r i a t i o n  of r a d i a l  v e l o c i t i e s  a t  t h e  
o u t l e t  using an  x-configurat ion,  a hot-wire probe, and a two channel hot- 
w i r e  anemometer. The r e s u l t s  from the  l a t t e r  experiments a r e  not  y e t  
conclusive.  
Great d i f f i c u l t i e s  a r e  involved i n  car ry ing  ou t  experimental  and 
a n a l y t i c a l  s tudy  of boundary l a y e r  c h a r a c t e r i s t i c s  i n s i d e  a high s o l i d i t y  
and narrow passages encountered i n  such a x i a l  flow inducers .  To overcome 
some of t h e s e  d i f f i c u l t i e s ,  t h e  boundary l a y e r  on a s imple r  conf igu ra t ion ,  
namely a r o t a t i n g  h e l i c a l  b l ade  of l a r g e  chord t o  he igh t  r a t i o  enclosed 
i n  an annulus was  s tud ied .  The o b j e c t i v e  i s  t o  i n v e s t i g a t e  t h e  boundary 
l a y e r  c h a r e c t e r i s t i c s  on a r o t a t i n g  h e l i c a l  s u r f a c e  without  t h e  in f luence  
of p re s su re  and v e l o c i t y  changes t h a t  e x i s t  i n  an  a x i a l  inducer .  This  
i n v e s t i g a t i o n  has  been concluded. (Par t  I1 and Reference 1 i n  P a r t  11) 
The most important  observa t ions  and conclusions obtained p r i o r  
P t o  t h i s  r e p o r t  on t h e  performance of four  b l aded , induce r  are t h e  
fol lowing.  
1. A t  o r  near  des ign  flow c o e f f i c i e n t ,  no back flow was observed a t  t he  
i n l e t  of t h e  inducer .  A sepa ra t ed  reg ion  of flow exists near  t h e  hub 
a t  t h e  d ischarge  s i d e  of t h e  inducer .  
on t h e  b a s i s  of s i m p l i f i e d  r a d i a l  equi l ibr ium equat ion,  when appl ied  t o  
t h e  actual rather than  the des ign  head d i s t r i b u t i o n .  However t h e  a c t u a l  
r eg ion  of s e p a r a t i o n  i s  much smal le r  than t h a t  der ived by t h e  cond i t ion  
of r a d i a l  equi l ibr ium.  
This can be explained q u a l i t a t i v e l y  
Recent measurements i n d i c a t e  t h a t  t h i s  back flow reg ion  o r i g i n a t e s  
Further-  on t h e  s t a t i o n a r y  hub j u s t  aft-rir i t  has l e f t  t h e  r o t a t i n g  hub. 
more, t h i s  e x t e n t  of back flow was observed t o  grow cont inuously downstream. 
The e x t e n t  of back flow inc reases  considerably a t  t h e  i n l e t  of 
t i p  reg ion  and o u t l e t  hub reg ion  a t  flow c o e f f i c i e n t s  lower than t h e  des ign  
va lue .  
2. 
p a r t  of t h e  inducer  i n d i c a t e  
The flow v i s u a l i z a t i o n  experiments c a r r i e d  ou t  near  t h e  exposed leading  
t h a t  t h e  r a d i a l  motions i n  the  main flow 
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(not under, t h e  i n f l u e n c e  of b l ade  s k i n  f r i c t i o n )  i s  smaller where-as 
t h e  r a d i a l  motions nea r  t h e  b l ade  s u r f a c e s  are  considerable .  
3. The test inducer ,  designed approximately f o r  uniform head d i s t r i b u t i o n  
over  i ts  d i scha rge  area (assurrLng i d e a l  f low) a c t u a l l y  produces a non- 
uniform head. Near t h e  t i p  t h e  a c t u a l  head of t h e  a b s o l u t e  flow w a s  
found t o  b e  2 - 3 times t h a t  a t  hub and mid r ad ius .  This  non-uniform 
head d i s t r i b u t i o n  Can b e  explained q u a l i t a t i v e l y  by real  f l u i d  e f f e c t s  
and i s  i n  agreement w i t h  t h e  obse rva t ions  of o t h e r  i n v e s t i g a t o r s .  
The flow survey c a r r i e d  o u t  a t  t h e  t r a i l i n g  edge and f a r t h e r  
downstream i n d i c a t e  t h a t  the r a d i a l  d i s t r i b u t i o n  of t h e  a x i a l  v e l o c i t y  
component changes considerably between t h e  two s t a t i o n s  whereas t h e  
t a n g e n t i a l  v e l o c i t y  p r o f i l e  remains t h e  same, q u a l i t a t i v e l y .  The s t a g n a t i o n  
p r e s s u r e  a t  the t i p  is  found t o  decrease continuously as t h e  flow travels 
downstream, whereas i t  remains e s s e n t i a l l y  cons t an t  a t  mid r a d i u s  and hub. 
4. Measurement of t h e  re la t ive  flow i n s i d e  t h e  b l a d e  passages (obtained 
w i t h  u s e  of a r o t a t i n g  probe and p r e s s u r e  t r a n s f e r  device)  i n d i c a t e  t h a t  
a major p o r t i o n  of t h e  t o t a l  flow l o s s e s  along t h e  stream pa th  occurs  
nea r  t h e  l e a d i n g  edge. Th i s  is probably due t o  t h e  presence of laminar 
flow on t h e  b l a d e s  near  t h e  l ead ing  edge and t h e  consequent l a r g e  r a d i a l  
flow and a s s o c i a t e d  mixing e f f e c t s  near  t h e  t i p .  The flow l o s s e s  a t  t h e  
t i p  were found t o  be ve ry  much h ighe r  than those a t  o t h e r  r a d i a l  l o c a t i o n s .  
5. 
at the t r a i l i n g  edge r e c e n t l y  c a r r i e d  o u t  revealed the presence of a 
A complete flow survey of t h e  relative flow i n s i d e  t h e  b l ade  passage 
loss c o r e  l o c a t e d  s l i g h t l y  inward from t h e  b l a d e  t i p .  
ment i n s i d e  the b l a d e  boundary l a y e r ,  when encountered by t h e  annulus 
w a l l  tends t o  d e f l e c t  towards t h e  n i d  passage and then  r a d i a l l y  inward. 
The mixing e f f e c t s  due these secondary flows are re spons ib l e  f o r  l a r g e  
l o s s e s  observed experimental ly .  
The r a d i a l  move- 
The measurements i n d i c a t e  t h e  presence 
4 
of l a r g e  l o s s  r eg ions  near  t h e  mid passage extending a l l  t h e  way from 
mid r a d i u s  t o  t h e  t i p  r e g i o n  of t h e  blades.  
6. The b l a d e  boundary l a y e r s  are found t o  be q u i t e  t h i n  near  t h e  hub 
and mid r a d i u s ,  being t h i c k e r  on s u c t i o n  s u r f a c e  than  t h e  p r e s s u r e  
s u r f a c e .  
The expected r a d i a l  motions w i t h i n  t h e  b l a d e  passages have been 
q u a l i t a t i v e l y  conformed by flow v i s u a l i z a t i o n  experiments and appear t o  
be q u i t e  s t r o n g  a13 along the b lade  l eng th .  
The w a l l  shear stress est imated from t h e  boundary l a y e r  p r o f i l e s  
i n s i d e  t h e  b l a d e  passage appear t o  be h ighe r  than t h a t  of an equ iva len t  
s t a t i o n a r y  channel having the same relative flow.: Overall f r i c t i o n a l  
losses est imated from the measured s t a g n a t i o n  p r e s s u r e s  were found t o  
be an o r d e r  of magnitude h ighe r  than t h a t  of a s t a t i o n a r y  channel 
having t h e  same re la t ive  f l o w  (based on Blausius  f r i c t i o n  c o e f f i c i e n t  
for  pipes) .  
7. At t h e  t r a i l i n g  edge, t h e  relative v e l o c i t i e s  averaged c i r c u m f e r e n t i a l l y  
over the passage has  a maximun? v a l u e  near  t h e  mid r ad ius .  For a t h i r d  
of the b l a d e  h e i g h t  from t h e  t i p  t h e  re la t ive  v e l o c i t i e s  are considerably 
less than  their  des ign  va lues .  
The ang le s  of t h e  r e l a t i v e  f l o w  downstream of the t r a i l i n g  edge 
were found t o  b e  nea r ly  uniform i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n ,  i t s  
d e v i a t i o n  from the des ign  v a l u e s  being g r e a t e s t  near  t h e  t i p .  
8.  A new f r i c t i o n  l o s s  c o e f f i c i e n t  a p p l i c a b l e  t o  induce r s  ope ra t ing  i n  
t h e  range of flow c o e f f i c i e n t s  4 = 0.065 t o  0 .2  i s  de f ined  and der ived 
from the inducer  d a t a  available i n  t h e  open l i t e r a t u r e .  This empi r i ca l  
f r i c t i o n  c o e f f i c i e n t  i s  fcund t o  i n c r e a s e  exponen t i a l ly  towards t h e  b l ade  
t i p .  For t h e  Penn S t a t e  i nduce r ,  t h e  r a d i a l  v a r i a t i o n  of f r i c t i o n a l  
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l o s s e s  es t imated from t h i s  new empi r i ca l  l o s s  c o e f f i c i e n t ,  ag rees  
c l o s e l y  w i t h  the measured values .  
9. A c i r c u m f e r e n t i a l l y  averaged r a d i a l  equ i l ib r ium equat ion i s  used t o  
p r e d i c t  t h e  r e l a t i v e  and a b s o l u t e  t a n g e n t i a l  v e l o c i t i e s .  The a n a l y s i s  
i s  based on s u i t a b l e  a s sunp t ions  f o r  t h e  r a d i a l  and mainflow v e l o c i t y  
p r o f i l e s  (based on t h e  e x i s t i n g  t h r e e  dimensional t u r b u l e n t  boundary 
l a y e r  d a t a  a v a i l a b l e )  and l o s s  c o e f f i c i e n t s  discussed i n  i t e m  8. 
agreement between t h e  theory and experiment is  reasonably good. Hence 
The. 
i t  i s  ev iden t  t h a t  i f  t h e  f r i c t i o n a l  e f f e c t s  are known e i t h e r  empi r i ca l ly  
o r  a n a l y t i c a l l y ,  t h e  f low p r o p e r t i e s  a t  the e x i t  of t h e  inducer can be  
p r e d i c t e d  q u i t e  accu ra t e ly .  The very purpose of t h e  boundary l a y e r  
i n v e s t i g a t i o n  on t h e  h e l i c a l  b l a d e  and a chann.el i s  t o  provide t h e  most 
important  missing l ink  on t h e  f r i c t i o n a l  e f f e c t s  which are otherwise 
based on empirism and hence n o t  u n i v e r s a l l y  v a l i d .  
10. The ax ia l  v e l o c i t i e s  p r e d i c t e d ,  using t h e  c o n t i n u i t y  and a x i a l  
momentum equa t ions  w i t h  assu.ned r a d i a l  v e l o c i t y  p r o f i l e s  and t h e  
de r ived  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n  ( I t e m  9), a g r e e  q u a l i t a t i v e l y  
w i t h  t h e  v a l u e s  measured from a s t a t i o n a r y  probe. 
11. Measurements c a r r i e d  o u t  a t  several s t a t i o n s  downstream (Ref. 3) 
i n d i c a t e  t h a t  t h e  a x i a l  v e l o c i t y  p r o f i l e s  undergo parked change as t h e  
Llow proceeds downstream. The back flow r e g i o n  near the hub develops 
a f t e r  the flow has l e f t  t h e  r o t a t i n g  hub and grows continuously as the 
flow proceeds downstream. 
12. The Eeasurement of i n s t an taneous  t h r e e  dimensional v e l o c i t i e s  carried 
o u t  u s ing  x c o n f i g u r a t i o n  h o t  w i r e  i n d i c a t e  t h a t  t h e  r a d i a l  v e l o c i t i e s  
a t  t h e  ex i t  are of t h e  same o rde r  of magnitude as t h e  a x i a l  v e l o c i t i e s  
over  most of t h e  r a d i a l  l o c a t i o n s .  
6 
13. The l i m i t i n g  s t r eaml ine  angle  of t h e  flow ne.ar t h e  w a l l  measured 
by ammonia s t e a k  technique r e v e a l  t h a t  t h e s e  angles  a r e  gene ra l ly  of 
h igher  order  of magnitude than those  observed on a s i a g l e  b l ade  . 
(Reference 1 i n  P a r t  11). 
The maximum dev ia t ion  of t h e  s t r eaml ines  from t h e  c y l i n d r i c a l  
s u r f a c e  (ou t s ide  t h e  b l ade  boundary l a y e r  reg ion)  obtained by means 
of a t u f t  g r i d  mounted a t  t h e  e x i t  of t h e  inducer show s u b s t a n t i a l  
r a d i a l  inward from mid r a d i u s  t o  t i p  a t  t h i s  l o c a t i o n  of t h e  passage. 
, 
14. The b l ade  t o  b l ade  v a r i a t i o n  of t h e  r e l a t i v e  v e l o c i t y  der ived 
from t h e  r o t a t i n g  probe measuremects i n d i c a t e  t h a t  i n  a d d i t i o n  t o  
convent ional  boundary l a y e r  type of p r o f i l e s  near  t h e  b lades ,  a wake 
type of p r o f i l e  a t  mid passage e x i s t s  from mid r a d i u s  t o  t i p .  A 
q u a l i t a t i v e  a n a l y s i s  c a r r i e d  o u t  i n d i c a t e s  t h a t  t h e  r a d i a l  inward 
f low a t  mid passa.ge a t  t h e s e  r a d i i  is  t h e  cause f o r  t h e  wake type of 
p r o f i l e .  
Using t h e s e  measurements,contours of abso lu te  s t a g n a t i o n  head, 
relative s t a g n a t i o n  head and lo s s  c o e f f i c i e n t s  are  p l o t t e d  f o r  one 
complete passage (Ref. 3 ) .  
These r e s u l t s  are discussed i n  t h e  previous r e p o r t s  such as 
Ref. 1 - 3. The experimental  i n v e s t i g a t i o n  of t h e  f low i n  a fou r  
>laded inducer  has  been concluded. The t h e o r e t i c a l  i n v e s t i g a t i o n  of 
t h e  flow is  no t  y e t  conclus ive ,  b u t  t h e  neasurements descr ibed above 
has  provided very  va luab le  information f o r  t h e  p r e d i c t i o n  of t he  flow 
f i e l d  . 
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1 . 2  Performance of Three Bladed Inducer and Comparison wi th  t h e  
Performance of S imi l a r  Four Bladed Inducer.  
I. 2 . 1  Introductory.  Remarks 
I n  an earlier r e p o r t  (Reference 3) several p o s s i b i l i t i e s  of 
improving t h e  d i scha rge  energy and v e l o c i t y  d i s t r i b u t i o n  by reducing 
t h e  f r i c t i o n a l  e f f e c t s  on t h e  inducer were discussed.  It w a s  a n t i c i p a t e d  
a t  t h a t  t i m e  t h a t  a decrease i n  t h e  s o l i d i t y  of t h e  b l a d e s  (chord/spacing 
r a t i o )  might improve t h e  performance by reducing t h e  i n t e r a c t i o n  of t h e  
p r e s s u r e  and s u c t i o n  s u r f a c e  boundary l a y e r s  nea r  t h e  t i p .  This  w a s  
accomplished by removing one of t h e  b l ades  of t h e  f o u r  bladed inducer  
and equa l ly  spacing t h e  o t h e r s ;  t hus  decreasing the s o l i d i t y  by twenty f i v e  
pe rcen t .  
Flow measurements c a r r i e d  o u t  a t  t h e  e x i t  of t h e  t h r e e  bladed inducer  
show apprec iab le  i n c r e a s e  i n  t h e  va lues  of t h e  s t a g n a t i o n  and s t a t i c  
head r ise as compared t o  t h a t  measured i n  a f o u r  bladed inducer .  The 
s t e e p  rise i n  t h e  s t a t i c  and s t a g n a t i o n  head p r e s s u r e  towards t h e  t i p  of 
t h e  f o u r  bladed inducer  i s  s t i l l  p r e s e n t ,  even though th i s  g r a d i e n t  i s  
somewhat reduced i n  t h e  p r e s e n t  case. But the axial  v e l o c i t y  p r o f i l e s  
observed a t  t h e  ex i t  shows a marked d e t e r i o r a t i o n  from t h a t  of a f o u r  
bladed inducer .  
1.2.2 Design Performance 
The o u t l e t  ang le s  of t h e  rela'tive f low i n  the t h r e e  bladed inducer  
is  computed by c o n s t a n t ' s  r u l e  f o r  d e v i a t i o n  given by, 
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2a 2 B2 where m = 0 . 2 3  (--I + 500 
B2 = a i r  o u t l e t  ang le  
f3; = b lade  ang le  
e = camber 
S / C  = spacefchord r a t i o  
a = l o c a t i o n  of maximum camber from t h e  l ead ing  edge of 
t h e  blade.  
Hence the  d e v i a t i o n  of t h e  t h r e e  bladed inducer  is  given by ( t h e  
chord l e n g t h  of  both t h e  inducers  being the same), 
112 
6 =il p) 
where s u b s c r i p t  1 r e f e r s  t o  va lues  of  t h e  f o u r  bladed inducer .  
The r a d i a l  d i s t r i b u t i o n  of t h e  s t a g n a t i o n  head rise and t h e  s t a t i c  
head r ise  c o e f f i c i e n t s  and t h e  a b s o l u t e  t a n g e n t i a l  v e l o c i t i e s  of the 
des ign  flow are  p l o t t e d  i n  Figs .  2(a)  and 2 (c ) .  
1.2.3 T h e o r e t i c a l  Considerat ions 
The computer program developed by Cooper and Bosch' f o r  t h e  
approximate s o l u t i o n  of t h e  flow f i e l d  is  adopted f o r  u s e  i n  IBM 
360 computer a t  The Pennsylvania S t a t e  Universi ty .  
several assumed two-dimensiond s o l u t i o n s  of t h e  b l a d e  t o  b l a d e  f low 
f i e l d  are coupled w i t h  a complementary two dimensional s o l u t i o n .  
The fol lowing mod i f i ca t ion  t o  t h e  computer program has  been 
I n  this  method 
c a r r i e d  out :  
(a) The b l ade  s u r f a c e  coord ina te s  are computed by a sub rou t ine  
'b lade '  and t h i s  has  been modified t o  f i t  t h e  exac t  des ign  of t h e  blade.  
(b) Lakshminarayana's (Ref. 1 )  empi r i ca l  expression f o r  t h e  l o s s e s  
i n  t h e  inducer  
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- 2  t l d m w  
s1'4 dh t 
Rh 
dL = XR 7 - - (F) 
is  included i n  t h e  streamline momentum equat ion 
2 2  2 R r  * =  d ( F )  - d(>) - dL 
go P 
%I=  
where 
t 
@ =  
% =  
dm = 
- 
w =  
hub / t ip  r a t i o  of t he  inducer  blades 
flow c o e f f i c i e n t  
Reynolds number (-) 
increment i n  s t r eaml ine  d i s t a n c e  
h y d r a u l i c  diameter 
average re la t ive  v e l o c i t y  
f r i c t i o n  f a c t o r  f o r  r o t a t i n g  h e l i c a l  inducer  passages (Ref. 1). 
Wdh 
V 
(c) The displacement th i ckness  of t h e  boundary l a y e r  on t h e  b l a d e  
s u r f a c e s  computed from Jarrabi ' s  a n a l y s i s  (Reference 5) a t  v a r i o u s  r a d i a l  
and chordwise l o c a t i o n s  i s  incorporated i n t o  t h e  program. 
The ax ia l  v e l o c i t i e s  der ived from t h i s  program f o r  t h r e e  bladed inducer  
$s p l o t t e d ' i n  Fig.  7a. The t h e o r e t i c a l  resu1.t obtained from t h i s  
program i s  designated as 'approximate run '  throughout the t e x t .  A l s o  
shown i n  t h e  graph is  t h e  e f f e c t  of neg lec t ing  streamwise l o s s e s .  The 
p r e d i c t i o n s  a g r e e  w e l l  with experimental  va lues  only when t h e  l o s s  t e r m  
i s  included i n  t h e  computation. 
The agreement between t h e  p r e d i c t e d  and measured t a n g e n t i a l  v e l o c i t i e s  
is very poor and t h e  s t e e p  r ise i n  a b s o l u t e  t a n g e n t i a l  v e l o c i t i e s  measured 
experimental ly  i s  n o t  p r e d i c t e d  by t h i s  approximate method. 
The purpose of developing t h i s  approximate program f o r  Penn S t a t e  
inducer  i s  t o  use i ts  ou tpu t  as a n  i n p u t  f o r  t h e  exac t  method o r i g i n a l l y  
developed by Cooper and Bosch. 
program t o  i n c l u d e  the rea l  f l u i d  e f f e c t s .  
Attempts w i l l  b e  made t o  modify t h e  
The ou tpu t  from t h e  approximate 
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program used as i n p u t  f o r  t h e  exac t  program would reduce t h e  c a l c u l a t i o n  
t i m e  by decreasing the.number of r e l a x a t i o n  cyc le s .  
1 .2 .4  R e s u l t s  of t h e  S t a t i o n a r y  Probe Measurements a t  t h e  Inducer Ex i t .  
The probes used f o r  t h e  measurement of s t a g n a t i o n ,  s t a t i c  
p res su res  and t h e  a b s o l u t e  a i r  ang le s  are e s s e n t i a l l y  t h e  same as those  
employed f o r  t h e  f o u r  bladed inducer i n v e s t i g a t i o n  (Ref. 1-3) 
The measurements were c a r r i e d  ou t  a t  e x i t  s t a t i o n s  3,4,5, and 6 
whose l o c a t i o n s  are shown i n  F igu re  1. 
flow c o e f f i c i e n t  ($ = 0.065) as the f o u r  bladed inducer .  
The inducer  w a s  run  a t  t h e  same 
The r e s u l t s  der ived from t h e s e  measurements a t  s t a t i o n s  3,4,5,and 
6 are shown p l o t t e d  i n  F igu res  2,3,4,and 5 r e s p e c t i v e l y .  
Absolute A i r  Angles: 
The r a d i a l  d i s t r i b u t i o n  of a i r  ang le s  measured by means of a t u f t  
probe i s  shown p l o t t e d  and compared w i t h  t h e  f o u r  bladed inducer  
va lues  i n  F igures  3(a), 4 ( a ) ,  and 5(a) f o r  s t a t i o n s  4,5,  and 6 r e s p e c t i v e l y .  
For t h e  p r e s e n t  set  of experiments these ang les  are found t o  be  g e n e r a l l y  
h ighe r  t han  those  of  t h e  f o u r  bladed inducer  from mid r a d i u s  t o  t i p  and 
vice versa f o r  o t h e r  r a d i a l  l o c a t i o n s .  Furthermore t h e  e x t e n t  of back 
flow r e g i o n  near t h e  hub i s  found t o  b e  h ighe r  t han  t h a t  of t h e  f o u r  
bladed inducer .  
S t agna t ion  and S t a t i c  P r e s s u r e  C o e f f i c i e n t s :  
The r a d i a l  d i s t r i b u t i o n  of s t a g n a t i o n  p r e s s u r e  c o e f f i c i e n t  ($ ) t 
and s t a t i c  p r e s s u r e  c o e f f i c i e n t  ($ ) a t  v a r i o u s  s t a t i o n s  are shown 
p l o t t e d  and compared wi th  t h e  h ighe r  s o l i d i t y  f o u r  bladed inducer  i n  
s 
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Figures  2 ( a ) ,  3(b) ,  4 ( b ) ,  and 5 (b ) .  
The s t a t i c  p r e s s u r e  c o e f f i c i e n t s  are found t o  b e  c o n s i s t e n t l y  h ighe r  
than those  of t h e  fou r  bladed inducer  (about 35 pe rcen t )  a t  a l l  r a d i i .  
S u r p r i s i n g l y  t h e  r a d i a l  g r a d i e n t  of s t a t i c  p res su res  remains t h e  same 
i n  bo th  cases. A s l i g h t  decrease i n  t h e  g r a d i e n t  i s  observed as t h e  
flow proceeds downstream (compare F igu res  3 (b) and 4 (b)). 
The s t a g n a t i o n  p r e s s u r e  c o e f f i c i e n t s  are found t o  b e  about 15 t o  
20 p e r c e n t  h ighe r  than those  of t h e  f o u r  bladed inducer  except near 
t h e  t i p .  Furthermore, i t  can be  observed by comparing $ d i s t r i b u t i o n  
a t  s t a t i o n  (3) and ( 4 ) ,  Figures  3(b) and 4 ( b ) ) ,  t h a t  t h e  mixing l o s s e s  
downstream of t h e  p r e s e n t  inducer  a re  apprec iab ly  lower than those  of 
t 
t h e  f o u r  bladed inducer .  
of 9, towards t h e  t i p  is  p r e s e n t  even i n  t h e  p r e s e n t  case, t h i s  s t e e p  
r ise i s  confined t o  a smaller p o r t i o n  of t h e  b l a d e  h e i g h t  nea r  t h e  t i p  
than  t h e  one measured i n  t h e  fou r  bladed inducer .  There is  apprec iab le  
improvement i n  t h e  s t a g n a t i o n  head d i s t r i b u t i o n  from hub t o  mid r a d i u s .  
No apprec iab le  improvement i n  t h e  head d i s t r i b u t i o n  is  observed n e a r  
t h e  t i p ,  and hence a d d i t i o n a l  mod i f i ca t ions  i n  t h e  form of boundary l a y e r  
c o n t r o l  o r  r edes ign  are necessary t o  o b t a i n  a n  a c c e p t a b l e  energy d i s t r i b u t i o n .  
Even though t h e  s t e e p  i n c r e a s e  i n  t h e  v a l u e s  
Rad ia l  D i s t r i b u t i o n  of Axial Veloci ty:  
The r a d i a l  d i s t r i b u t i o n  of axial  v e l o c i t i e s  a t  s t a t i o n  3,4,5,6 
is shown p l o t t e d  and compared wi th  
inducer  i n  F igu res  2 ( b ) ,  3(c),  4(c),  and 5(c) r e s p e c t i v e l y .  
t h a t  measured i n  t h e  f o u r  bladed 
The back flow is  p r e s e n t  a t  a l l  downstream s t a t i o n s  except  a t  
s t a t i o n  3. A t  s t a t i o n  3 t h e  r a d i a l  d i s t r i b u t i o n  of  ax ia l  v e l o c i t y  is  
more uniform than  t h a t  observed i n  t h e  f o u r  bladed inducer  and h a s  
apprec i ab ly  h i g h e r  v a l u e  a t  mid r ad ius .  
blockage e f f e c t  which i s  h ighe r  i n  t h e  case of a f o u r  bladed inducer  has  
This  i n d i c a t e s  t h a t  t h e  b l a d e  
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apprec iab le  e f f e c t  on t h e  a x i a l  v e l o c i t y  d i s t r i b u t i o n  a t  t h e  t r a i l i n g  
edge of t he  blades.  The a x i a l  v e l o c i t y  p r o f i l e s  show a marked 
d e t e r i o r a t i o n  from t h a t  observed i n  the  fou r  bladed inducer  a t  a l l  
o t h e r  s t a t i o n s .  The e x t e n t  of back flow reg ion  near  t h e  hub i s  
apprec iab ly  h igher  than . t h a t  of t h e  fou r  bladed inducer .  
The p red ic t ed  a x i a l  v e l o c i t i e s  from the  'approximate run'  descr ibed  
i n  Sec t ion  1 . 2 . 3  are shown p l o t t e d  and compared wi th  experimental  va lues  
f o r  t h e  t h r e e  bladed inducer  i n  Fig.  3 (c ) .  This p l o t  shows t h e  in f luence  
of  bo th  b l a d e  blockage and loss t e r m  i n  t h e  equat ions of motion. It 
is  c l e a r  t h a t  i t  is  e s s e n t i a l  t o  i nc lude  t h e  l o s s e s  f o r  t h e  a c c u r a t e  
p r e d i c t i o n  of a x i a l  v e l o c i t i e s .  
Radia l  D i s t r i b u t i o n  of Absolute Tangent ia l  V e l o c i t i e s :  
The r a d i a l  v a r i a t i o n  of abso lu t e  t a n g e n t i a l  v e l o c i t i e s  is  p l o t t e d  
i n  F igures  2 ( c ) ,  3 (d) ,  4 (d ) ,  and 5(d) .  
A t  s t a t i o n s  4 and 5 t h e  t a n g e n t i a l  v e l o c i t i e s  from hub t o  mid r ad ius  
are h igher  than  those  observed i n  the  f o u r  bladed inducer  whereas from 
mid r ad ius  t o  t i p  a s l i g h t  decrease  is observed. To some e x t e n t  t h e r e  
is an improvement i n  t h e  V d i s t r i b u t i o n .  These measurements are con- 
s i s t e n t  w i th  s t a g n a t i o n  head rise c o e f f i c i e n t s  descr ibed  earlier. Even 
though t h e  average i n c r e a s e  i n  t a n g e n t i a l  v e l o c i t i e s  i s  smzll, t h e r e  i s  
cons iderable  (about 15% t o  30%) i n c r e a s e  i n  s t a g n a t i o n  head c o e f f i c i e n t s  a t  
t h e s e  l o c a t i o n s .  The r a t i o  of t h e  a c t u a l  head t o  t h e  Euler  head i s  a 
measure of t h e  hydrodynamic e f f i c i ency .  It i s  clear t h a t  t h e r e  i s  
s u b s t a n t i a l  decrease  i n  t h e  f r i c t i o n a l  e f f e c t s  when t h e  s o l i d i t y  is  
decreased. The hydrodynamic e f f i c i e n c i e s  a r e  gene ra l ly  h igher  i n  t h e  
case of t h r e e  bladed inducer .  Fur ther  improvement i n  t h e  performance 
i s  p o s s i b l e  only by boundary l a y e r  c o n t r o l .  
e 
1 3  
Hub and Annulus Wall S t a t i c  P res su res :  
Wall s t a t i c  p r e s s u r e  c o e f f i c i e n t s  measured on t h e  hub w a l l  w i t h  
t h e  a i d  of a p r e s s u r e  t r a n s f e r  device and on t h e  annulus w a l l  are 
p l o t t e d  i n  F ig .  6 and 7 r e s p e c t i v e l y .  
The va lues  of p r e s s u r e  c o e f f i c i e n t  measured a t  a l l  a x i a l  s t a t i o n s  
are considerably h ighe r  t han  those  of a f o u r  bladed inducer .  
more, t h e  n e g a t i v e  r a d i a l  p r e s s u r e  g r a d i e n t  observed a t  some of t h e  
a x i a l  s t a t i o n s  of a f o u r  bladed inducer  h a s  almost disappeared. The 
magnitude of t h e  nega t ive  p r e s s u r e s  observed nea r  t h e  l ead ing  edge i s  
considerably reduced i n  t h e  p r e s e n t  case. 
s u b s t a n t i a l  improvement i n  t h e  flow behavior  when t h e  s o l i d i t y  i s  
decreased. 
Further-  
These r e s u l t s  a g a i n  confirm 
1.2.5 Three Dimensional Instantaneous Ve loc i ty  Measurements a t  t h e  
Inducer  Ex i t .  
I n  o r d e r  t o  o b t a i n  a be t te r  understanding of t h e  flow phenomena, 
a t t empt s  are being made t o  measure a l l  t h r e e  components of t h e  t h r e e  
dimensional i n s t an taneous  v e l o c i t y  a t  t h e  inducer exi t  us ing  a hot-wire 
probe and t h e  a s s o c i a t e d  equipment. 
Therhot w i r e  equipment and t h e  conf igu ra t ion  of  t h e  t h r e e  senso r  
probe are shown i n  F igu re  9. 
There are two ways of measuring a l l  t h e  t h r e e  components of t h e  
e x i t  v e l o c i t y :  
D i f f e red  Time:  The s i g n a l s  picked up from t h e  h o t  w i r e  anemometer 
are  memorized i n  a magnetic t ape ,  and are then d i g i t i z e d  on a n  analog 
d i g i t a l  conve r t e r  (ADC u n i t )  t o  be f i n a l l y  processed i n  an IBN 360 computer. 
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Real T ime :  The t h r e e  s i g n a l s  can b e  d i r e c t l y  processed by analog 
The f i r s t  method devices  t o  g e t  t h e  t h r e e  conponents of t h e  v e l o c i t y .  
is  adopted f o r  our  purpose f o r  two reasons: (1) The accuracy i s  h ighe r  
than Method 2, and (2) t h e r e  i s  t h e  p o s s i b i l i t y  of u s ing  i t  f o r  t u rbu lence  
i n t e n s i t y  measurements. Furthermore, s i n c e  an ADC u n i t  i s  a v a i l a b l e  
f o r  use i n  the l a b o r a t o r y ,  t h i s  method i s  found t o  b e  attractive. 
The b lock  diagram d e s c r i b i n g  t h e  method adopted and t h e  equipment 
r e q u i r e d  is shown on Fig.  9. 
Abstract of t h e  Method: 
The t h r e e  s i g n a l s  are processed i n  t h e  fol lowing way: 
Each w i r e  is placed i n  t h e  d i r e c t i o n  of a component of t h e  v e l o c i t y  
as shown on F igure  9. Sensor No. 1 w i l l  s e n s e  t h e  r e s u l t a n t  of V and 
V (V ). The second senso r  w i l l  s ense  t h e  r e s u l t a n t  of V and y (V ) t h e  e ze Z r z r  
t h i r d  one w i l l  s ense  V 
r e l a t i o n s h i p s  between s i g n a l s  and v e l o c i t i e s :  
Z 
By applying t h e  King's l a w ,  w e  g e t  t h e  Or' 
2 2 112 vze = (Ve + vz ) 2 El = A + B1 1 
2 2 112 112 v = (v + Vr) 
z r  Z 2 = A2 f B2 (Vzr) E2, 
2 2 112 vre = (Vr + V e l  E2 = A3 + Bg (Vre) 11 2 3 
The v e l o c i t y  components are then given by t h e  fol lowing equat ions:  
Ve = [y 1 1  {-2 (E1 2 - A1) 2 - - 1 ' 2  (E  - A2) 2 + 4 (E: - A3> 2 1 1 112 
B3 
B2 
1 2 
v =  z 
1 [z 1 {;2 
1 
2 2 1  2 2 1  
( E 1  - All + -2 (E2 - A2) - - n 2. 
B2 
(E; - 2 1  2 A,) + -,, (E,, - 
53 
A3) 2 13 112 
J 
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The re la t ive v e l o c i t i e s  are then given by: 
w = v r  r 
We = Ve- R r  
w = v  z z 
The program accomplishes t h o s e  c a l c u l a t i o n s  only a f t e r  i t  has processed t h e  
t h r e e  s i g n a l s  i n  a manner explained below s i n c e . t h e  Random f l u c t u a t i o n s  
due t o  turbulence i s  superposed on t h e  mean s i g n a l s .  
p rocess ing  is  necessary f o r  t h e  d e r i v a t i o n  of mean v e l o c i t y  a t  any 0 l o c a t i o n .  
The fol lowing s i n g h  
S i g n a l  Processing : 
The probe traverse mechanism set up on t h e  annulus w a l l  and holding 
t h e  t h r e e  s e n s o r s  i s  f i x e d  t a n g e n t i a l l y .  It has  only two degrees of 
* freedom ( i n  t h e  r and z d i r e c t i o n s ) .  As shown on F i g u r e  9,  each s i g n a l  i s  
a f u n c t i o n  of t i m e  (t) w i t h  a pe r iod  of -, w being t h e  angu la r  r o t a t i o n  speed, 
and 3 t h e  number of b l a d e  passages f o r  each r o t a t i o n .  The analog s i g n a l s  
are sampled by t h e  d i g i t i z e r s  a t  h igh  frequency s o  t h a t  we do n o t  have t o  
worry about  t h e  c o r r e c t  frequency and phase necessary t o  g e t  an e x a c t  
W 
3 .  
r ep roduc t ion  of t h e  p e r i o d i c  phenomena. The .only requirement f o r  t h a t  
frequency i s  t h a t  i t  has t o  b e  admul t ip l e  of the p e r i o d  - i n  o r d e r  f o r  
t h e  measurement picked up a t  a c e r t a i n  t i m e  t o  correspond t o  t h e  same 
relative 0 p o s i t i o n  w i t h i n  a b l a d e  passage. 
have po in ted  o u t  t h a t  a tu rbu lence  i n t e n s i t y  va ry ing  from 10 t o  30% 
exists a t  t h e  ex i t  of t h e  inducer .  
W 
3 
Some ve ry  rough measurements 
The a n a l y s i s  below g i v e s  an estimate of t h e  number of p o i n t s  (corres-  
ponding t o  each angu la r  l o c a t i o n  of t h e  b l a d e  passage) t o  b e  taken from 
s u c c e s s i v e  s i g n a l s  i n  o r d e r  t o  reach a s u f f i c i e n t  accuracy. 
Say t h a t  N s u c c e s s i v e  samples are taken a t  any p a r t i c u l a r  l o c a t i o n  
Call  t h e  v o l t a g e  va lues  a t  t h e s e  samples as, of t h e  b l a d e  passage ( 0 ) .  
n X1’ x y  X3’ * * 3 x 
Taking t h e  average : 
w i t h  t h e  assumption t h a t  t h o s e  n va lues  are s t a t i s t i c a l l y  independent,  
we can w r i t e :  
N 
1 c_ (Xn - x) 
- N 
c (x,) - x = -N n-1 x - x = -  N nn.1 n 
1' x2' O X  n x being t h e  expected v a l u e  of t h e  sequence x 
The s t a n d a r d  d e v i a t i o n  i s  given by: 
t h e  independence of t h e  measurements g i v e s ,  
2 N and E'((< - X) 1 = -  C E {(x, - x> 1 
N2 n=l  
2 Dividing by x 
= * (o/x)2 
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O/x r e p r e s e n t i n g  t h e  turbulence l e v e l ,  E t h e  p r e c i s i o n ,  t h a t  i s  t h e  
d i f f e r e n c e  between t h e  a c t u a l  average and t h e  expected va lue  divided 
by t h e  expected va lue ,  
For example, i f  t h e  tu rbu lence  level is  10% and t h e  accuracy 
r e q u i r e d  i s  1%, t h e  r equ i r ed  number of samples taken a t  one p o i n t  
w i t h i n  t h e  b l a d e  passage w i l l  be: 
For a tu rbu lence  level of 30% and an accuracy of 1%, t h i s  w i l l  g i v e  
N = 900 samples. 
Triggering:  
A n i n e  t r a c k  un labe l l ed  d i g i t a l  t a p e  i s  used t o  t r a n s f e r  t h e  s i g n a l s  
from t h e  h o t  w i r e  anemometers t o  t h e  computer. 
9000 words p e r  second p e r  channel. 
p o i n t s  of measurement are taken over  3 b l a d e  passages,  s o  t h a t  t h e  
sampling ra te  i s  1200 x m  = 9000 samples/sec. 
w i t h  t h e  d i g i t i z i n g  speed o f  t h e  ADC u n i t .  
The rate of r eco rd ing  i s  
The inducer  runs a t  a speed of 450 rpm; 1200 
450 This  v a l u e  matches 
The sens ing  and s i g n a l  p rocess ing  dev ice  is  i n  o p e r a t i o n  a t  t h e  
t i m e  of  t h i s  w r i t i n g .  Attempts w i l l  be  made t o  d e r i v e  a l l  t h e  t h r e e  
components of  i n s t an taneous  v e l o c i t y  a t  several r a d i i .  The information 
de r ived  from t h e s e  measurements should b e  extremely v a l u a b l e  f o r  f u r t h e r  
improvement i n  t h e  inducer  performance. 
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I. 3 Conclusions 
The t h r e e  bladed inducer  has apprec i ab ly  b e t t e r  performance than 
the similar f o u r  bladed inducer  t e s t e d  a t  t h e  same flow c o e f f i c i e n t .  
The fol lowing conclusions can be  drawn from t h e  r e s u l t s  obtained 
f o r  a t h r e e  bladed inducer.  
(a) The s t a g n a t i o n  and s t a t i c  head r ise are apprec iab ly  h i g h e r  
than those  of a f o u r  bladed inducer  a t  a l l  r a d i i .  
s t e e p  rise i n  head rise c h a r a c t e r i s t i c s  towards t h e  t i p  is  s t i l l  p r e s e n t ,  
t h e i r  g r a d i e n t s  are somewhat reduced. 
p o s s i b l e  by boundary l a y e r  c o n t r o l  on t h e  blades.. The i n c r e a s e  i n  t h e  
va lues  of $ 
f o u r  bladed inducer  i s  of the o rde r  of  15 t o  30 p e r  cen t .  
Even though t h e  
F u r t h e r  improvements may b e  
i n  t h e  case of a t h r e e  bladed inducer  from those  of the t 
(b) The ax ia l ,  v e l o c i t y  p r o f i l e s  show a marked d e t e r i o r a t i o n  
from t h a t  of a f o u r  bladed inducer.  There is  an i n c r e a s e  i n  t h e  e x t e n t  
of  backflow near t h e  hub compared t o  t h a t  of  a f o u r  bladed inducer .  
The a x i a l  v e l o c i t i e s  near t h e  b l a d e  t i p  are found t o  b e  gene ra l ly  h i g h e r  
t han  those  of a f o u r  bladed inducer .  
(3) 
and t h e  measured va lues  i s  good. 
( 4 )  
measured a t  the e x i t  of t h e  two inducers .  This i n d i c a t e s  a n  improvement 
The agreement between t h e  p r e d i c t e d  va lues  of t h e  a x i a l  v e l o c i t y  
There is  no apprec iab le .  d i f f e r e n c e  i n  a b s o l u t e  t a n g e n t i a l  v e l o c i t i e s  
i n  hydrodynamic e f f i c i e n c y  which i s  de f ined  as t h e  r a t i o  of t h e  a c t u a l  
head t o  t h e  Euler  o r  i d e a l  head rise. 
(5) There is  cons ide rab le  improvement i n  hub w a l l  and annulus w a l l  
s t a t i c  p r e s s u r e  d i s t r i b u t i o n .  The n e g a t i v e  p r e s s u r e s  observed n e a r  
t h e  l ead ing  edge of a fou r  bladed inducer  are apprec iab ly  reduced i n  
t h e  case of a t h r e e  bladed inducer .  
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Furthermore t h e  n e g a t i v e  r a d i a l  p r e s s u r e  g r a d i e n t  measured i n  
t h e  case of a f o u r  bladed inducer  a t  some axial  s t a t i o n s  has  completely 
vanished i n  t h e  p r e s e n t  case. 
(6) The sens ing  and d a t a  processing equipment developed f o r  t h e  
purpose of measuring t h e  in s t an taneous  t h r e e  dimensional flow f i e l d  
a t  t h e  inducer  ex i t  i s  i n  ope ra t ion .  
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I n t r o d u c t i o n  
Th i s  p a r t  of t h e . p r o g r e s s  r e p o r t  d e a l s  w i th  t h e  s k i n  f r i c t i o n  
and t h e  t u r b u l e n t  i n t e n s i t y  measurements c a r r i e d  o u t  i n s i d e  t h e  b l ade  
boundary l a y e r  of  a r o t a t i n g  h e l i c a l  blade.  A very  b r i e f  d e s c r i p t i o n  
of t h e  s k i n  f r i c t i o n  measurements is  repor t ed  i n  Reference 1. A 
complete d e s c r i p t i o n  of t h e  method and t h e  e f f e c t . o f  r e p l o t t i n g  t h e  
d a t a  a g a i n s t  Reynolds number based on d i s t a n c e  from t h e  l ead ing  edge and 
t h e  Reynolds number based on the b l a d e  l o c a l  r a d i u s  i s  discussed here .  
11.1: Measurement of Skin F r i c t i c n  C o e f f i c i e n t  
In  many boundary l a y e r  problems, three-dimensional t u r b u l e n t  
boundary l a y e r s  are t h e  most commonly occurr ing form of boundary l a y e r s .  
Flows through compressors and t u r b i n e s ,  f l o w . i n  the rocke t  pump fnducers ,  
are only few examples of  three-dimensional t u r b u l e n t  boundary l a y e r  
problems. A s  a n  example of t h e  three-dimensional boundary l a y e r  problem, 
a h e l i c a l  b l a d e  r o t a t i n g  around an a x i s  i n  a n  annulus i s  discussed i n  
t h i s  r e p o r t .  
S ince  t h e  b l a d e  is  r o t a t i n g  around an a x i s ,  t h e  boundary l a y e r  on 
t h e  b l a d e  i s  s u b j e c t  t o  two f o r c e s  i n  r a d i a l  d i r e c t i o n ,  c e n t r i f u g a l  and 
C o r i o l i s  f o r c e s .  Because of these f o r c e s  i n  t h e  boundary laye::,there 
e x i s t s  a v e l o c i t y  component i n  t h e  r a d i a l  d i r e c t i o n .  
p r o f i l e  becomes a skewed one. 
Thus, t h e  v e l o c i t y  
One of t h e  most important  t a s k s  f o r  t h e  boundary l a y e r  i n v e s t i g a t i o n  
i s  e v a l u a t i o n  of t h e  l o c a l  s k i n  f r i c t i o n .  I n  o r d e r  t o  r e p r e s e n t  t h e  mean 
v e l o c i t y  d i s t r i b u t i o n ,  o r  t o  apply t h e  momentum i n t e g r a l  technique t o  
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t h e  t h r e e  dimensional boundary l a y e r s ,  i t  i s  necessary t o  know t h e  
l o c a l  s k i n  f r i c t i o n .  
s k i n  f r i c t i o n  can be experimental ly  determined by several methods. 
For the two dimensional boundary l a y e r s ,  t h e  l o c a l  
For 
t h e  three-dimensional boundary l a y e r  on t h e  r o t a t i n g  bodies ,  p r a c t i c a l l y  
no in fo rma t ion  i s  available on t h e  d i r e c t  measurement of t h e  l o c a l  s k i n  
f r i c t i o n .  The purpose of the p r e s e n t  r e p o r t  is  t o  determine t h e  l o c a l  
skin f r i c t i o n  on t h e  r o t a t i n g  h e l i c a l  b l ade  by experiments,  and t o  g i v e  
an e m p i r i c a l  expres s ion  f o r  t h e  l o c a l  s k i n  f r i c t i o n .  
The problem of t h e  skewed type boundary l a y e r s  have been d i scussed  
by some i n v e s t i g a t o r s ,  and e x i s t e n c e  of the l a w  of t h e  w a l l  r e g i o n  i n  
t h e  skewed boundary l a y e r  was i n d i c a t e d  t o  e x i s t ' w h e n  the e x t e r n a l  pres- 
s u r e  g r a d i e n t  i s  w i t h i n  certain l i m i t .  Though t h e s e  i n v e s t i g a t i o n s  were 
done i n  the secondary flow type  boundary l a y e r s ,  i t  i s  considered t h a t  
t h e  l a w  of t h e  w a l l  r e g i o n  does exis t  i n  t h e  boundary l a y e r  on the h e l i c a l  
blade.  Following the same approach as two dimensional t u r b u l e n t  boundary 
l a y e r s ,  the l a w  of the w a l l  can be r ep resen ted  by, 
11 v 
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Experiments were c a r r i e d  o u t  i n  a test  set  up shown i n  F igu re  11.1. 
A h e l i c a l  b l a d e  o f  18.3 inches r a d i u s  w i t h  i ts  c i r c u m f e r e n t i a l  extent of 
300 degrees ,  has a n  ax ia l  advance of 1 0  inches.  In o rde r  t c  o b t a i n  t h e  
e f f e c t  of r o t a t i o n ,  d i f f e r e n t  r o t a t i o n a l  speeds of 200, 300, 400, 450, 500, 
600, and 700 r o t a t i o n  p e r  minute were chosen. For t h e  determinat ion of 
t h e  l o c a l  s k i n  f r i c t i o n ,  t h e  P res ton  tube  technique w a s  used. The tube 
used was t h e  t o t a l  p r e s s u r e  tube  of 1/16 i n c h  o u t s i d e  diameter and 
i n s i d e  t o  o u t s i d e  diameter r a t i o  of 0.6.  The P res ton  tube was placed 
f l a t  t o  t h e  s u r f a c e  of t h e  b l ade ,  and i t  w a s  a l i g n e d  in t h e  d i r e c t i o n  t h a t  
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gave t h e  maximum t o t a l  p re s su re .  Measurements were made a t  t h r e e  
p o s i t i o n s  along t h e  r a d i a l  d i r e c t i o n  f o r  each of 8 = 1.04, 1.56, 2.64, 
3.18, 
J .  H. 
where 
and 4.75 r ad ians .  
P res ton ,  t h e  l o c a l  s k i n  f r i c t i o n  w a s  determined by 
Using t h e  c a l i b r a t i o n  r e l a t i o n s h i p  g iven  by 
2 2 - 7 (P-Po) d -- TOd - 2.604 $8 l o g  
4PV2 4 pv2 
po r e p r e s e n t s  t h e  s ta t ic  p r e s s u r e  a t  t h e  s u r f a c e  of t h e  b l ade ,  
For p r a c t i c a l  purposes,  po is  taken t o  b e  zero.  
It is  reasonable  t o  consider  t h a t  t h e  l o c a l  s k i n  f r i c t i o n  coef- 
f i c i e n t  be r ep resen ted  as a u n i v e r s a l  f u n c t i o n  of a non-dimensional 
q u a n t i t y  formed by u, r ,  0 ,  and W .  When they are p l o t t e d  a g a i n s t  
Reynolds number based on d i s t a n c e  measured from t h e  i ead ing  edge of t h e  
b l a d e  , S - V Y  Wer they are r ep resen ted  by a group of p a r a l l e l  s t r a i g h t  
l i n e s .  (F ig ,  11.2) When they are p l o t t e d  a g a i n s t  Reynolds number- based 
on r a d i u s ,  R = - Wr2 
by (Fig. 11.3), 
2 
they are w e l l  r ep resen ted  by a s i n g l e  curve g iven  V 
I 2 -  w r  5 = 0.079 (T) cf (3) 
It i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  f o r  
2 t h e  f r e e  r o t a t i n g  d i s k  w a s  g iven  by von Karman by 
- 1  - 
cf = 0.054 R 5 
The r e s u l t s  from equati 'on (3) and ( 4 )  are shown p l o t t e d  
i n  Fig.  11.3. It is  immediately s e e n  t h a t  bo th  have t h e  same 
(4) 
and compared 
power on 
Reynolds nuEber b u t  d i f f e r e n t  cons t an t s .  Thus t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  
of a r o t a t i n g  h e l i c a l  b l a d e  i s  h ighe r  than those  measured on a r o t a t i n g  
d i s k  as w e l l  as t h a t  of  a f l a t  p l a t e .  The f a c t  t h a t  t h e  s k i n  f r i c t i o n  
of a r o t a t i n g  h e l i c a l  b l a d e  i s  almost  independent of t h e  h i s t o r y  of t h e  
24 
flow ( d i s t a n c e  from t h e  l ead ing  edge) is r a t h e r  s u r p r i s i n g .  
are being made t o  o f f e r  a reasonable  exp lana t ion  f o r  t h i s  phenomena. 
Attempts 
11.2: Turbulence I n t e n s i t y  Measurements: 
The measurement of t u r b u l e n t  i n t e n s i t y  i n s i d e  t h e  b l ade  boundary 
l a y e r s  of t h e  r o t a t i n g  h e l i c a l  b l ade  shown i n  Fig.  11.1 were c a r r i e d  out '  
by means of a r o t a t i n g  h o t  w i r e  probe and a s l i p  r i n g  u n i t  descr ibed 
below. 
A two channel cons t an t  temperature h o t  w i r e  anemometer b u i l t  i n  
t h e  Aerospace Labora to r i e s  (Fig. 11.5) i s  used f o r  turbulence measure- 
ments. The AC g a i n  w i t h  r e s p e c t  t o  DC ou tpu t  i s  found t o  be  40. The 
h o t  w i r e  probe i s  made of t ungs t en  w i r e  of about 0.125 inches long w i t h  
cold r e s i s t a n c e  = 15 ohms. 
The n o i s e  of t h e  f o u r  channel s l i p  r i n g  u n i t  shown i n  Fig.  11.1 
is found t o  b e  n e g l i g i b l e .  
turbulence i n t e n s i t y .  
A t r u e  RMS meter is  used f o r  measuring t h e  
Expression f o r  Turbulent I n t e n s i t y  
Using King's l a w ,  
E 2 - E  = K f i  
2 
0 
An expres s ion  f o r  turbulence i n t e n s i t y  (assuming v e l o c i t y  f l u c t u a t i o n s  
are small)  can b e  der ived.  It i s  given by 
- -  - 
2 2 
0 
E - E  
where E i s  t h e  o u t p u t  v o l t a g e  a t  v e l o c i t y  V, 
E is t h e  v o l t a g e  a t  zero v e l o c i t y  
0 
,/ iT2 is t h e  t r u e  RElS va lue  of f l u c t u a t i n g  vo l t age .  
25 
- 
@- is  t h e  turbulence i n t e n s i t y .  v 
The turbulence i n t e n s i t i e s  i n  t h e  t a n g e n t i a l  
and r a d i a l  d i r e c t i o n s  were measured by p l ac ing  t h e  wire i n  t h e s e  
d i r e c t i o n s  ( i n s e r t e d  from upstream). I n  processing t h e s e  r e s u l t s ,  i t  i s  
i s  small compared t o  d V l L  assumed t h a t t h e  i n t e n s i t y  i n  t h e  a x i a l  d i r e c t i o n  -
t h e  o t h e r  components. Hence t h e  r e s u l t s  presented i n  t h i s  s e c t i o n  are t o  
be  taken on ly  as q u a l i t a t i v e .  The probe i s  t r a v e r s e d  normal t o  t h e  b l a d e  
(across  the b l a d e  boundary l a y e r )  a t  v a r i o u s  r a d i a l  and t a n g e n t i a l  l o c a t i o n s .  
The r e s u l t s  so  obtained are  p l o t t e d  i n  Figures  11.6 t o  11.8. 
of t h e s e  measuring s t a t i o n s  are shown i n  Fig.  11.4. 
The l o c a t i o n  
I n  t h e s e  F igu res  u ' ,  
v', w' r e f e r  t o  f l u c t u a t i o n s  i n  the- t a n g e n t i a l  (e), axial  (y) and r a d i a l  
(r) d i r e c t i o n s  r e s p e c t i v e l y .  
w a l l  is  of t h e  o r d e r  of 10  % where as f r e e  stream turbulence i s  found t o  
The h i g h e s t  turbulence i n t e n s i t y  near  t h e  
be  about  one pe rcen t .  
The v a r i a t i o n  of i n t e n s i t y  a c r o s s  t h e  boundary l a y e r  ag rees  c l o s e l y  
t o  t h a t  measured i n  t h e  f l a t  p l a t e  boundary l a y e r .  
Turbulence i n t e n s i t i e s  arg l i k e l y  t o  b e  very high near  t h e  b l ade  
t i p .  Due t o  mechanical d i f f i c u l t i e s  no measurements were taken, f o r  r a d i i  
g r e a t e r  t han  17.5 inches  (i.e. h a l f  i nch  inboard of  b l ade  t i p ) .  
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Figure  €€.l: Photograph and the Schematic Diagram of t h e  Test Assembly 
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Figure 11.4: Schematic showing t h e  l o c a t i o n  o f  t he  
measuring s t a t i o n s  a t  the su r face  o f  
the blade. 
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